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ABSTRACT 

The progression of degeneration in chronic optic neuropathies or in animal models of optic nerve 
injury is thought to be caused, at least in part, by an increase in glutamate to abnormally high con- 
centrations. We show here that glutamate, when injected in subtoxic amounts into the vitreal body 
of the rat eye, transduces a self-protecting signal that renders the retinal ganglion cells resistant to 
further toxicity, whether glutamate-derived or not. This neuroprotective effect is attained within 24 
h and lasts at least 4 days. Western blot analysis of rat retinas revealed increased amounts of bcl- 
2 four days after injection of glutamate in either subtoxic or toxic (120 nmol) amounts, but not af- 
ter saline injection. The effects of intravitreal glutamate or saline injection on the secretion of neu- 
rotrophins by retinal ganglion cells was evaluated in rat aqueous humor 6 h, 1 day, and 4 days after 
injection. Nerve growth factor, brain-derived neurotrophic factor, and neurotrophin-3 showed sim- 
ilar kinetic patterns in all of the eyes; that is, they increased to a peak 1 day after the injection and 
returned to normal by day 4. However, increased amounts the neurotrophin receptor TrkA within 
the retinal ganglion cell layer and nerve fiber layer were detected 1 day after injection of glutamate 
in either toxic or subtoxic amounts, but not after saline injection. This finding points to the possi- 
ble involvement of neurotrophin receptors in regulation of the cellular responses to glutamate chal- 
lenge. Identification of the intracellular signals that trigger the glutamate-induced self-protective 
mechanism would shed light on the genetic balance needed for survival, and guide the development 
of drugs for the up-regulation of desired genes and their products. 
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INTRODUCTION 

Glutamate is the most abundant neurotransmitter in 
the mammalian central nervous system (CNS) in 
general and in the retina in particular. The physiological 
concentration of this amino acid is 1 extracellularly 
and up to several millimolar intracellularly (Coyle and 
Puttfarcken, 1993). Above this extracellular concentra- 



tion, glutamate becomes cytotoxic to neurons via both re- 
ceptor mediation and the oxidative glutamate toxicity 
pathway. Enzymatic degradation does not occur ex- 
tracellularly, but glutamate released from presynaptic 
structures is taken up by at least one of its three known 
transporters and metabolized intracellularly by a gluta- 
mate-degrading enzyme. Excitatory amino acid trans- 
porters that bind glutamate are distributed in Miiller cells, 
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astrocytes, horizontal cells, amacrine cells, ganglion 
cells, and bipolar cells (Kanai et al., 1993). Nevertheless 
a transient excess of unbound glutamate may occur in ar- 
eas dense in glutamatergic terminals, causing neuronal 
and synaptic damage. 

Recent studies have linked the progression of neuronal 
degeneration after chronic or acute CNS injury to in- 
creased glutamate concentrations in the extracellular mi- 
lieu (Dreyer and Grosskreutz, 1997; Faden and Salzman 
1992; Rowland, 1994). This is hue whether the degen- 
eration is initiated in the cell bodies or in the axons. In 
the case of optic neuropathies, for example, irrespective 
of their etiology, an increase in glutamate is detected in 
the extracellular milieu of the cell bodies (the retinal gan- 
glion cells; RGCs) of degenerating optic nerve fibers, 
mainly in the vitreous and aqueous humor (Dreyer et al. 
1996; Yoles and Schwartz, 1998b). 

In view of the ubiquity of glutamate in genera) and in the 
visual system in particular (Marc et al., 1990), a transient 
increase m extracellular glutamate may occur at any time, 
and particularly under pathological conditions. It is there- 
fore reasonable to assume the existence of an endogenous 
mechanism that can counteract glutamate toxicity without 
diminishing its essential excitatory effect as a neurotrans- 
mitter. It is likely that such a mechanism operates at any 
level of glutamate exposure, and that the intracellular bal- 
ance between the survival signals and the death signals 
transduced by glutamate will affect the fate of the cell. 

In seeking such signals, we assumed that if they ex- 
isted they would probably be detectable upon exposure 
to glutamate at concentrations that are higher than phys- 
iological but not yet cyotoxic. Using the rat visual sys- 
tem as an experimental model in the present study, our 
search yielded evidence for the existence of a glutamate- 
mduced protective mechanism which can counteract to 
some extent, the effects of extracellular cytotoxicity ' 



upper part of die sclera, and a Hamilton syringe was in- 
serted as far as the vitreal body. A solution of glutamate 
in various amounts between 20 and 240 nmol or 100 nmol 
ammonium-fer(Il) sulfate hexahydrate (Merck, Ger- 
many) in saline (total volume of 1 /xL) was injected. The 
final concentration in the vitreous was calculated assum- 
ing a vitreal volume of 50 /m.L. 

Retrograde Labeling and Counting of Retinal 
Ganglion Cells 

After 6 h, 1 day, or 4 days, the right optic nerves of rats 
were exposed intraorbitally and solid crystals (0.2-0.4 mm 
diameter) of the fluorescent lipophilic dye 4-(4-didecy- 
lamino)styiyl)-W-methylpyridinium iodide (Molecular • 
Probes, Europe BV, Leiden, The Netherlands) (4-Di-10- 
Asp) were deposited 2 mm from the eyeball. As shown pre- 
viously in this model (Yoles and Schwartz, 1998a), only 
axons that are viable are capable of retrograde transfer of 
the dye, and counting of labeled RGCs 5 days after dye ap- 
plication gives reproducible results. The dye application 
procedure itself has no negative effect during the period un- 
til retinal excision. Five days after dye application, rats were 
given a lethal dose of pentobarbitone. From each eye the 
retina was detached, prepared as a flattened whole mount 
in 4% paraformaldehyde solution, and examined by fluo- 
rescence microscopy. Labeled RGCs were counted from 
six randomly selected fields (0.78 mm 2 per field) in each 
retina, averaged, and the mean number of RGCs per mm 2 
was calculated. 

Immunoblot (Western Blot) Analysis 



MATERIALS AND METHODS 

Surgical Procedure 

Animals. Rats were handled according to the AR VO res- 
olution on the use of animals in research. Male Spra^ue- 
Dawley (SPD) rats, weighing 250-300 g, from the Weiz- 
mann Institute of Science animal house were anesthetized 
with Vetalar (ketamine, 60 mg/kg) and Rompun (xylazine 
12 mg/kg), both administered intramuscularly. Prior to tis- 
sue excision the rats were killed by an overdose of sodium 
pentobarbitone (170 mg/kg intraperitoneally; CTS Chem- 
ical Industries, Tel- Aviv, Israel). 

Intravitreal injections. The light eye of each anes- 
thetized rat was punctured with a 27-gauge needle in the 



At the indicated time periods after intravitreal injec- 
tion of glutamate or saline the rats were killed, their right 
eyes were enucleated, and the retinas were quickly de- 
tached, homogenized with a lysis buffer containing Tris 
(10 mM, pH 7.2), NaCl (150 mM), Triton X-100 (1%), 
EDTA (5 mM), sodium dodecyl sulfate (0.1%), sodium 
deoxycholate (1%), aprotinine (25 g/mL), leupeptine (25 
g/mL), pepstatin (5 g/mL), and phenyl methylsulfonyl- 
fluoride (PMSF; 1 mM) at 4°C, and the supernatant was 
collected. Samples were subjected to sodium dodecyl sul- 
fate polyacrylamide gel electrophoresis (SDS-PAGE- 
12% gel) followed by blotting onto a nitrocellulose mem- 
brane for 2 h at 200 mA (in Tris-glycine). The mem- 
brane was incubated overnight at 4°C with phosphate- 
buffered saline (PBS) containing 5% (vol/vol) skim milk 
incubated with a monoclonal antibody to bcl-2 (Santa 
Cruz Biotechnology, Santa Cruz, CA) in PBS containing 
5% skim milk for 2 h at 37°C, and washed three times 
for 20 mm in PBS containing 0.05% polyxyethylene sor- 
bitan monoJaurate (Tween-20). It was then incubated 
with horseradish peroxidase-conjugated goat anti-rabbit 
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IgG (Jackson Immunoresearch, West Grove, PA) in PBS 
containing 5% skim milk for 1 h at room temperature and 
washed three times for 20 min in PBS containing 0.05% 
Tween-20. Immunoreactive bands were visualized by the 
enhanced chemiluminescence method (ECL; Amersham, 
Buckinghamshire, U.K.). 

Irnmunohistochemistry 

One day after intravitreal injection of glutamate or 
saline the rats were killed, their eyes were dissected out, 
and a small cut was made in the cornea of each eye to 
improve fixation of the retina. The tissues were fixed 
overnight at 4°C in 4% paraformaldehyde and 5% glu- 
cose. Eyes were embedded in Tissue-Tek (Sakura, Tor- 
rance, CA). Cry os tat sections (10 /im thick) of the retina 
were placed on gelatin-coated slides, washed twice in 
double-distilled water, and incubated for 5 min in PBS 
containing 0.05% Tween-20 and for 30 min in PBS con- 
taining 3% fetal calf serum, 2% bovine serum albumin, 
and 1% Triton X-100 (Sigma, St. Louis, MO). They were 
then incubated for 1 h at room temperature with mouse 
monoclonal antibodies to HSP72 (StressGen Biotech- 
nologies, Victoria, Canada) or overnight at 4°C with rab- 
bit monoclonal antibodies to the neurotrophin receptor 
TrkA (Santa Cruz Biotechnology, Santa Cruz, CA). The 
antibodies were diluted in PBS containing 3% fetal calf 
serum and 2% bovine serum albumin. The sections were 
washed three times with PBS and Tween-20 (0.05%) and 
incubated with rhodamine-conjugated goat anti-mouse 



IgG for 1 h at room temperature. After further washing 
with PBS containing Tween-20, the sections were 
mounted with glycerol containing 1,4-diazobicyclo- 
(2,2,2)octane to reduce quenching of fluorescence, and 
viewed under a Zeiss fluorescence microscope. 

Enzyme- Linked Immunosorbent Assay 

Samples of aqueous humor (20-/i,L aliquots) were col- 
lected from the rats 6 h, 1 day, or 4 days after intravitreal 
injection of saline or glutamate in the indicated amounts 
and immediate frozen on dry ice until analyzed. Concen- 
trations of nerve growth factor (NGF), brain-derived neu- 
rotrophic factor (BDNF), and neurotrophin (NT)-3 in the 
aqueous humor were determined. Neurotrophin concen- 
trations were determined by the use of sandwich enzyme- 
linked immunosorbent assay (ELISA) kits (Promega, 
Madison, WI) and comparison with a standard (absorbance 
measured at 450 nm using an ELISA reader). 



RESULTS 

Concentration-Dependent Effect of Glutamate on 
Retinal Ganglion Cell Survival 

Adult rats were injected intra vitreally with glutamate 
at various dosages (between 20 and 120 nmol, corre- 
sponding to vitreal concentrations of approximately 
0.4-2.4 mM), and RGC survival was quantified by count- 
ing the retrogradely labeled cells. After 4 days, there was 
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FIG. 1. Dose-dependent effect of intravitreal glutamate injection on retinal ganglion cell survival. Glutamate was injected in- 
travitreally, reaching the final concentrations indicated in the figure. Eyes injected with PBS (n = 7) served as controls. The 
amount of cytotoxicity was calculated as a percentage of that in the control group. Results are presented as means ± SEM. The 
effect of glutamate dosage on RGC survival was significant (ANOVA, F = 3.68, p = 0.01). 
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a 20% loss of RGCs treated with 120 nmol glutamate but 
no loss with glutamate treatment of 20 or 80 nmol (Fig 
I). This finding prompted us to examine the possibility 
that the lower dosages which, though higher than normal 
pnysiologxcal amounts are obviously not toxic, might af- 
fect the cells in a way that influences their response to 
subsequent glutamate exposure. Accordingly, we exam- 
ined the response of the neurons to a second injection of 
glutamate (120 nmol). Surprisingly, the fact that these 
cells were previously injected with low-dose glutamate 
(20 nmol) not only failed to make them more suscepti- 
ble to subsequent glutamate toxicity, but even protected 
Ihem from it. Thus, glutamate at 120 nmol, a dosage that 
was toxic to RGCs of naive retinas, had no toxic effect 
if administered 4 days after the 20 nmol dose (Fig 2) 

The protective effect of the earlier injection was not 
seen if the interval between the two injections was only 
o n. When the interval was prolonged to 1 day or 4 days 
however a significant neuroprotective effect was seen 
(p < 0.03 orp < 0.002, respectively; Fig. 2). By 11 days 



after injection the protective effect, although still seen 
was not significant when compared to the saline-injected 
group. These findings suggested that 20 nmol glutamate 
is not only not toxic, but also does not render the cells 
more sensitive to further glutamate toxicity. On the con- 
trary, it apparently activates an intracellular and/or ex- 
tracellular mechanism that makes the cells more resis- 
tant. The results further suggested that the observed 
protective effect is time-dependent. 

To determine whether the induced resistance is only to 
glutamate toxicity, we replaced the second glutamate in- 
jection by an injection of ammonium ferrous sulfate (Fig 
3). The toxicity of this compound derives from the reac- 
tion of ferrous ions to metal-binding sites on the protein 
producing an active oxygen species (Stadtman, 1990) 
Our results showed that concentrations of ferrous ions 
that were toxic to naive RGCs were not toxic to RGCs 
preexposed to low-dose glutamate (20 nmol; final vitreal 
concentration 0.4 mM). 

The above findings suggested that low-dose glutamate 
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FIG. 3. Intravitreal injection of glutamate (20 nmol) protects retinal ganglion cells from toxicity mediated by free radicals. Fer- 
rous ammonium sulfate (100 nmol) was injected intravitreally 4 days after injection of glutamate (20 nmol) or saline. Results are 
presented as means ± SEM of the percentage of cytotoxicity obtained relative to that in rats injected twice with saline (n = 5 for 
each group). The difference between the two groups was significant (Student's t test, p = 0.02). 



renders the RGCs more resistant to toxicity, and not only 
to glutamate toxicity. The increased resistance might re- 
sult, for example, from activation of an efficient buffer- 
ing mechanism for glutamate, possibly via the activation 
of enzymes such as glutamate synthase or of glutamate 
transporters by Muller cells. Measurements of glutamine 
synthase activity in the retina showed that it was not af- 
fected by intravitreal injections of saline or glutamate at 
any of the concentrations tested (data not shown). 

Another possibility is that the resistance mechanism 
does not operate at the level of glutamate buffering. Low- 
dose glutamate might trigger, as a self-repair or self-pro- 
tective mechanism, intracellular signal transduction in the 
retina and/or extracellular changes which, at high gluta- 
mate concentrations, are overridden by destructive mech- 
anisms. 

Cellular and Molecular Mechanisms of 
Self-Protection Awakened by 
Subtoxic Glutamate 

In an attempt to determine whether the increased cel- 
lular resistance conferred by subtoxic doses of glutamate 
is related to mechanisms of self-protection, we assayed 
the amounts of NGF, BDNF, and NT3 secreted into the 
rat aqueous humor. Aqueous humor was collected from 
rat eyes at different times after intravitreal injection, and 
the concentration of each neurotrophin was determined 



by ELISA and compared with the normal concentration 
in non-injected eyes. In general, the effects observed with 
glutamate at both dosages and with saline were similar 
(Fig. 4). In all tested neurotrophins, a gradual increase 
began 6 h after the injection, peaked at 24 h, and returned 
to normal or below normal values by day 4. Although 
some differences in the neurotrophin responses were ob- 
served, no conclusions could be drawn concerning neu- 
rotrophin specificity to glutamate in general or to a spe- 
cific dosage in particular. 

Since the increase in neurotrophins after intravitreal in- 
jection appeared to be nonspecific (i.e., it was induced 
by both glutamate and saline), we examined the possi- 
bility that an effect was induced specifically by glutamate 
on the neurotrophin receptor Trk-A. Immunohistochem- 
ical staining demonstrated the presence of Trk-A in the 
RGC layer and nerve fiber layer of eyes injected 24 h 
earlier with either toxic or subtoxic amounts of glutamate 
(Fig. 5). No Trk-A was detected after saline injection or 
in normal, noninjected eyes. 

Neurotrophins and their receptors are part of the reper- 
toire of extracellular signals that can enhance cell resis- 
tance and survival under conditions of stress. JBcl-2, an 
intracellular protein, also affects cell resistance and sur- 
vival under stress. Glutamate at both dosages caused an 
increase in bcl-2, whereas saline did not (Fig. 6). Another 
protein that participates in intracellular self repair is the 
inducible heatshock protein (hsp-72). Retinas exposed to 
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FIG. 4. Time-dependent secretion of neurotrophins into the aqueous humor of the rat eye as a consequence of glutamate or 
saline injection. Samples of aqueous humor (pooled from four eyes at each lime point) were obtained 6 h, 1 day, or 4 days after 
intravitreal injection of saline, 20 nmol glutamate, or 120 nmol glutamate. Aqueous humor from normal (noninjected) eyes served 
as a control (uninjured eye). The amounts of NTs were determined by ELISA and were calculated relative to the control. In both 
saline-injected and glutamate-injected samples, all tested NTs began to increase by 6 h after the injection, peaked at 1 day, and 
returned to normal or below normal by day 4. Values of BDNF and NT3 are means ± SD of three and two experiments, re- 
spectively (each carried out in triplicate). 



toxic or subtoxic glutamate concentrations show no 
change in hsp-72 (data not shown). 

These results imply that glutamate, irrespective of its 
concentration, triggers a survival signal, but that the fate 
of the cell will be determined by additional glutamate- 
triggered signals which, depending on the glutamate con- 
centration, may override the survival signal. 

DISCUSSION 

The results of this study showed that glutamate, in 
amounts that are higher than physiological but not yet 
toxic, has a neuroprotective effect on RGCs. Rat retinas 



that were exposed to these intermediate amounts of glu- 
tamate became more resistant to subsequent exposure to 
glutamate at toxic concentrations. 

Glutamate is the major excitatory neurotransmitter in 
the retina. Photoreceptors, bipolar cells, and ganglion 
cells in the retina are all glutamate immunoreactive (Con- 
naughton et al., 1999; Davanger et al., 1991; Jojich and 
Pourcho, 1996; Marc et al., 1990). Glutamate activity is 
therefore essential for the proper functioning of the vi- 
sual pathway, and blocking of its activity by the use of 
antagonists can be harmful. On the other hand, increased 
amounts of glutamate exert a receptor-mediated (Bruno 
et al., 1993; Olney, 1994a,b; Sucher et al., 1997) and ox- 
idative (Nakao and Brundin, 1998) toxicity. 
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FIG. 5. Photomicrographs showing TrkA-immunoreactivity in retinas injected with saline, 20 nmol glutamate, or 120 nmol glu- 
tamate. Transverse retinal sections were labeled with antibodies directed against TrkA. Immunoreactivity can be seen in the gan- 
glion cell layer (GCL) and nerve fiber layer (arrows) of glutamate- injected retinas but not of saline-injected retinas. Bar = 35 
/xm. 



Two classes of glutamate receptors have been identi- 
fied: (1) ionotropic glutamate receptors, which directly 
gate ion channels, and (2) metabotropic glutamate re- 
ceptors, which may be coupled to an ion channel or other 
cellular functions via an intracellular second-messenger 
cascade. The former receptors were recently shown to 
have some neuroprotective effect in traumatic injury 
(Faden et al., 1997), oxidative stress (Sagara and Schu- 
bert, 1998), and NMDA-induced excitotoxicity (Mukher- 
jee et aL, 1999; Pizzi et al., 1993, 1996). Some recent re- 
ports describe the involvement of the ionic glutamate 
receptor, NMD A, in neuroprotection (Grabb and Choi, 



J 999; Rocha et al., 1999). It was suggested that the 
NMDA receptor activates the TrkB receptor via an au- 
tocrine loop of BDNF, resulting in neuronal survival 
(Aliaga et al., 1998; Marini et al., 1998; Tsukahara et al., 
1998). The protective effect of glutamate via activation 
of metabotropic and/or ionic glutamate receptors, as de- 
scribed above, may reflect a glutamate-induced regula- 
tion of neuronal survival and death. These short-term ef- 
fects, however, can hardly explain the present finding of 
long-term protection against glutamate excitotoxicity and 
free-radical toxicity achieved by intravitreal injection of 
glutamate in subtoxic amounts. This notion is further 



345 



YOLES ET AL. 



Saline 



Glutamate 
20 nmole 



26 kd 



Glutamate 
120 nmole 




Saline 



Glutamate 
20 nmole 



Glutamate 
120 nmole 



FIG. 6. Intravitreal glutamate injection increases the amount of bcl-2 in the retina. Representative results of immunoblotting 
for bcl-2 are shown. The experiment was repeated four times, with similar results. 



supported by the observed lack of effect of exposure of 
glutamate, in any of the tested amounts, on the activity 
of the enzyme glutamine synthase. Moreover, the fact 
that the protective effect of glutamate requires at least 24 
h to develop fully and lasts for at least 4 days suggested 
that it involves fundamental downstream molecular 
changes, which increase the ability of the neurons to cope 
with stress. Any stressful condition might initiate this ac- 
tive process of intracellular molecular changes that in- 
crease neuronal resistance. The fate of the neurons will 
then be a function of the glutamate concentrations. One 
possible way in which subtoxic amounts of glutamate 
may render the RGCs better able to cope with stressful 
conditions is via neurotrophin-related activity. 

Neurotrophins (NTs) are biologically active proteins 
that promote neuronal survival through receptor-medi- 
ated processes and are thought to participate in nervous 
system development, maintenance, and response to 
trauma. NGF, BDNF, NT-3, and NT-4/5 have all been 
shown to enhance neuronal survival in vitro and in vivo. 
For example, NGF is required for the survival of sym- 
pathetic and some sensory and cholinergic neuronal pop- 
ulations (Levi Montalcini, 1987). BDNF prevents the 
death of motoneurons in newborn rats after nerve tran- 
section (Sendtner et al M 1992) and rescues spinal cord 



motoneurons from axotomy-induced cell death (Yan et 
al., 1992). NT-4/5 increases RGC survival and neurite 
outgrowth in adult rats (Cohen et al., 1994; Sawai et al., 
1996). The responsiveness of target cells to a given NT 
is governed by the expression of two classes of NT re- 
ceptors: the low-affinity receptor p75, which binds all 
NTs with similar affinity (Chao, 1994), and the high- 
affinity tyrosine kinase receptors of the Trk family, which 
interact with NTs in a specific manner. A search for the 
binding partners of various Trk family members revealed 
that NGF is the preferred ligand for TrkA, BDNF and 
NT4/5 for TrkB, and NT3 for TrkC (Friedman and 
Greene, 1999). A number of studies have suggested mat 
various pathologies of the visual system might be attrib- 
utable, at least in part, to the distribution (Nag and Wad- 
hwa, 1999; Caminos et al., 1999) and regulation (Pease 
et al., 2000; Johnson et al., 2000; Hu et al., 1999) of NTs 
and their receptors in the retina. 

In the present work, injections of glutamate and of 
saline were both found to lead to a transient increase in 
NTs secreted into the aqueous humor. This would argue 
against increasing NTs as a way to induce neuronal re- 
sistance to glutamate-induced toxicity. In contrast, Trk- A 
expression was increased after injection of glutamate but 
not of saline. In view of these two findings, we suggest 
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that the increase in NT secretion is part of the self-repair 
mechanism that is activated in cases of trauma. This sug- 
gestion would also seem to be in line with the reported 
increase in BDNF mRNA following mechanical damage 
to the retina (Sakai et al., 1999). However, the increase 
in TrkA observed here may reflect a receptor-mediated 
specific effect of glutamate, resulting in activation of an 
intracellular signal that increases TrkA in both RGCs and 
nerve fibers. Regulation of the amounts of TrkA receptor 
mRNA appears to be induced by excitatory amino acid 
receptor agonists in the striatum (Canals, 1999), starting 
10-12 h after stimulation. An increase in Trk-A was also 
found to play a role in regeneration of the injured optic 
nerve (Caminos et al., 1999). Where the dosage of gluta- 
mate is high, this beneficial effect may be counteracted 
by glutamate-triggered destructive processes. 

One way in the NTs can affect neuronal survival is via 
regulation of intracellular survival genes, such as bcl-2. 
The finding that CREB is a major mediator of neu- 
rotrophin-induced transcription (Ginty et al., 1994; 
Finkbeiner et al., 1997), and that it regulates bcl-2 in vivo, 
suggests that bcl-2 or a close family member might me- 
diate neurotrophin-dependent survival (Finkbeiner, 
2000). The glutamate-induced changes in bcl-2 content 
observed in this study might be typical of changes that 
occur in any retinal cells, including the RGCs, in response 
to glutamate challenge. The bcl-2 family of proteins are 
regulators that block programmed cell death (Chao and 
Korsmeyer, 1998; Korsmeyer, 1999; McDonnell et ah, 
1996). In the nervous system, overexpression of bcl-2 
protects neurons from death induced by various traumatic 
insults (Garcia et al., 1992; Mah et al., 1993; Zhong et 
al., 1993). We showed here that glutamate in sub- toxic 
amounts causes an increase of about twofold in the 
amounts of bcl-2 in the retina. The same effect was also 
found, however, in retinas that were injected with gluta- 
mate in toxic amounts. We suggest that the increase in 
bcl-2 is an adaptive cellular response to stress, but that 
in cases of severe insult this response is insufficient to 
override death signals. Among such death signals are the 
death-associated genes of the bcl-2 family. In patients 
with Parkinson's disease, for example, bcl-2 was found 
to be up-regulated in the basal ganglia, a region subjected 
to stress that might be of many years* standing (Marshall 
et al., 1997). The nature of the signal transduction acti- 
vated by sub-toxic amounts of glutamate and causing up- 
regulation of bcl-2, as well as the nature of other death 
and survival signals and their interplay, is not yet known. 

The results of this study suggest that glutamate, and 
possibly also other mediators of toxicity in the form of 
physiological compounds in excess of their normal 
amounts, has a gradient of effects. A slight increase in 
concentration above the physiological apparently acti- 



vates a signal-transduction partway that triggers correc- 
tive machinery of self-repair and self-maintenance, which 
not only is not harmful but even protects the cells, at least 
transiently, from further toxicity, and not necessarily only 
from the toxicity mediated by glutamate. Such a signal- 
transduction pathway might be collectively termed "SOS 
machinery " This padiway might be triggered even when 
glutamate reaches the threshold of toxicity, in which case 
some other mechanism operating concomitantly might 
drive the cells towards death. The balance between the 
two mechanisms would determine whether the fate of the 
cells is immediate apoptosis or survival with increased 
susceptibility. By analogy, very high concentrations of 
glutamate might result in a loss of neurons via necrosis. 

Taken together, these findings point to the existence of 
an endogenous, self-operated mechanism of neuroprotec- 
tion, which is self-limited by an excitatory amino acid diat 
displays excitotoxicity when its normal physiological con- 
centration is exceeded. This might represent a prototype 
mechanism for the regulation of an endogenous com- 
pound that has a crucial physiological role on the one hand 
but is potentially detrimental on the other. The relatively 
wide range of glutamate concentrations between the phys- 
iologically optimal and the cytotoxic would allow us to 
choose a therapeutic concentration that is not only 
subtoxic, but may also help induce subsequent resistance 
to a potentially toxic increase in glutamate concentration. 
Thus, administration of glutamate at an appropriate 
dosage might trigger an adaptive mechanism employed 
by the organism as a safety measure to reduce suscepti- 
bility and increase resistance to potentially harmful ef- 
fects. It might also provide a mechanism of self-repair that 
can stabilize the organism in cases of minor trauma or 
transient physiological increases in glutamate concentra- 
tion. Our findings thus introduce not only a new concept 
in neuroprotection but possibly also a new approach to 
the development of neuroprotective strategies for the treat- 
ment of chronic and acute degenerative diseases. 
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